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Abstract
A summary of WG II of the CKM 2018 conference on semileptonic and leptonic b-hadron decays is presented.
This includes discussions on the CKM matrix element magitudes |Vub| and |Vcb|, lepton universality tests
such as R(D∗) and leptonic decays. As is usual for semileptonic and leptonic decays, much discussion is
devoted towards the interplay between theoretical QCD calculations and the experimental measurements.
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1 Introduction
Semileptonic and leptonic b-hadron decays describe the decay of any beauty hadron which results in at least
one neutrino in the final state. The presence of the neutrino in the final state makes such decays theoretically
appealing, as it is an unambiguous signal of a short-distance interaction. This means that branching fractions
can be precisely predicted, which allows the crucial CKM parameters |Vub| and |Vcb| to be measured. This does,
however, complicate the experimental measurements as background is more easily identified with the partially
reconstructed semileptonic signals.
Therefore, the huge potential of semileptonic b-hadron decays can only be realised if state-of-the-art the-
oretical and experimental techniques are employed. The interplay between the two to minimise uncertainties
is crucially important. This results in semileptonic sessions at CKM being a highly engaging and thoroughly
useful exercise.
The 2018 CKM session on semileptonic and leptonic decays can be split fairly equally into three parts. The
first is related to the determination of the CKM element magnitudes |Vcb| and |Vub| from both exclusive and
inclusive decays. The second is tests of lepton universality in semitauonic decays such as B → D∗τντ and the
final is fully leptonic decays such as B → µν. All three of these areas had new experimental and/or theoretical
progress since the last CKM conference.
2 Determining |Vcb| and |Vub|
As the fundamental CKM elements, Vcb and Vub play an important role in testing unitarity. Fig. 1 shows the
PDG averaged |Vub| and |Vcb| from inclusive and exclusive methods respectively. In this field, a long-standing
puzzle is the discrepancy between exclusive and inclusive determinations with B meson semileptonic decays.
The tension for |Vcb| is 3σ excluding the latest exclusive contribution [1], and 3.5σ for |Vub| determinations.
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Figure 1: Summary of PDG average of |Vcb| (left) and |Vub| (right) separating the existing results between exclu-
sive and inclusive measurements. The green point is determined by the ratio |Vub/Vcb| from LHCb measurement
[2] and the latest average |Vcb|.
2.1 Exclusive decays
Recent analyses demonstrate that the tension between inclusive and exclusive determinations of Vcb can be
significantly reduced by using a sufficiently general form factor parameterization to describe the kinematic
dependence in B → D(∗)lν [4–9]. To clarify the Vcb puzzle, it will be important in future combinations of theory
and experiment to use unbinned experimental data and to carefully scritinize the kinematic parameterization
of the form factors. This will ensure potential kinematic model-dependence is either removed or is adequately
accounted for in error budgets while allowing us to leverage available shape information.
Recent and ongoing lattice QCD calculations for b→ c decays, some of which include an extended region of
q2, include FNAL-MILC for B → D∗lν [10], JLQCD for B → D(∗)lν [11], HPQCD for B(s) → D(∗)(s) lν [12–14],
RBC/UKQCD for Bs → Dslν, and LANL/SWME for B → D∗lν [15]. These calculations utilize an effective
field theory treatment of the b quark, leading to an often leading source of systematic uncertainty from matching
to the effective theory. In an important step toward reducing uncertainties, HPQCD is calculating Bs → D∗s lν
using a fully relativistic treatment of the b quark [16], free from uncertainty associated with matching to the
effective theory.
Recent or ongoing lattice QCD calculations for b → u decays include FNAL-MILC for B → pilν and
Bs → Klν [17, 18], RBC/UKQCD for Bs → Klν, JLQCD for B → pilν [19], and HPQCD for B → pilν. The
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Figure 2: Comparison of various exclusive determinations of |Vub| and |Vcb| [3].
added computational cost has, thus far, prevented the use of fully relativistic b quarks in b → u/d transitions.
It will be important to reduce or remove the matching uncertainties by, e.g., using a fully relativistic treatment
of the b quark. Using Light cone sum rules, Khodjimirian and Rusov [20] recently calculated the form factors
for Bs → Klν and Khodjimirian reported on the potenitial use of B meson distribution amplitudes (see, e.g.,
Refs. [21, 22]) to calculate B → pipi form factors, a nonresonant background for B → ρlν.
The correlated ratio |Vub/Vcb| can be extracted with reduced uncertainty via a calculation of ratios of form
factors and measurement of associated branching fractions. This has recently been done for the Λb → Λc`ν
and Λb → plν decays with a lattice QCD calculation of the form factors by Detmold et al. [23] and subsequent
measurement of branching fractions by LHCb [2, 24]. The impact of this analysis in the determination of |Vub|
and |Vcb| is illustrated in Fig. 2. This is currently being done for the Bs → Klν and Bs → Dslν decays, with
the correlated ratio of form factors calculated by HPQCD [25] and an ongoing LHCb analysis of the branching
fractions.
2.2 Inclusive decays
The 2018 world average values are |Vcb| = (42.2±0.8)×10−3 and |Vub| = (3.94±0.36)×10−3 [26]. The theoretical
predictions of inclusive Vcb are based on operator product expansion (OPE) with a dependence on quark masses
mb and mc, and other input parameters in subleading and higher order corrections. The theoretical efforts for
inclusive Vcb focus on decreasing the uncertainties in OPE calculations [27, 28] and providing more information
to cross check, e.g. the inclusive structure functions from lattice QCD. [29].
Compared to Vcb, the experimental determination of Vub from inclusive B → Xulν decay is more complicated
due to large B → Xclν background. The current precision of measurements is expected to be improved with
the Belle II experiment with a 40 times higher luminosity of Belle [30] as well as the newly implemented
tagging techniques [31]. Several global data-driven fit methods have been prepared for exacting the Vub in
a model-independent way to improve the precision by reducing model uncertainties from the B meson shape
function [32, 33].
3 Tests of lepton flavour universality
The lepton flavor universality implying couplings of electroweak bosons to different leptons are independent
of their flavor, and the only difference arises from the masses of leptons. Observing the violations of this SM
assumption will bring a hint for new physics. There are three areas of recent interest:
• e− µ universality in b→ clν
The recent experimental result on Re/µ = B(B → D(∗)eνe)/B(B → D(∗)µνµ) from Belle [1, 9] are
consistent with unity predicted by SM. In addition, based on the existing B → D(∗)lν analyses separating
results for electrons and muons, Ref. [34] demonstrates an agreement on Re/µ between D and D
∗ mode.
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Figure 3: Experimental average fit on R(D) and R(D∗) and their averaged theoretical predictions assuming
SM. The tension of discrepancy is shown by the red dashed lines.
• τ − µ universality in b→ clν
The semitauonic decays provide the test universality between heavier leptons, e.g. R(D(∗)) = B(B →
D(∗)τντ )/B(B → D(∗)µνµ). The current global average indicates that R(D) and R(D∗) exceed the SM
predictions by 2.3σ and 3.0σ respectively, and the combination shows deviation of 3.8σ as shown in Fig. 3.
The very recent measurements from LHCb [35] and Belle [36] have been included in the average fit.
In addition, R(J/ψ) = B(B+c → J/ψτ+ντ )/B(B+c → J/ψµ+νµ) has been recently measured by LHCb [37],
which indicates 2σ deviations above the range of central values currently predicted by the SM.
• e− µ universality in b→ sll
The ratio of the branching fractions of the B0 → K∗0µ+µ− and B0 → K∗0e+e−, namely R(K(∗)), is a
search of neutral LFU related to the flavor-changing-neutral-current mediated in B decays. Recent results
from LHCb [38] found around 2.2σ and 2.4σ deviations from unity at the low and central q2 ≡ m2(ll)
bins respectively.
Above measurements imply the noticeable deviations with SM so far, which attract more and more interests
and efforts on new physics models (e.g. Z ′, leptoquark) [34, 39, 40]. On the other hand, the experimental
tests with more statistics, more decay modes, providing new observable beyond ratios of branching fraction will
be needed to discriminate between new physics scenarios. Long-distance QED corrections to R(D) from soft
photons, 20–40 MeV, can be as large as a few percent [41]. It is important to ensure that such effects hare
handled consistently in experiment and theory.
4 Leptonic decays
4.1 Decay constants
Fully leptonic decays of b-hadrons are in principle more theoretically appealing than semileptonic decays. Here
the theoretical challenge is to calculate the decay constants of the relevant b-hadron species. These can be very
preciely calculated using lattice QCD. The latest results [42] of which for both B and D mesons were presented:
fD0 = 211.6(0.6) MeV, fD+ = 212.7(0.6) MeV, fDs = 249.9(0.5) MeV,
fB+ = 189.4(1.4) MeV, fB0 = 190.5(1.3) MeV, fBs = 230.7(1.3) MeV.
where the uncertainties shown in the parentheses are dominated by systematic effects for D mesons and sta-
tistical effects in B mesons. The precision of these decay constant measurements is better than the current
experimental precision, and can be improved in the future.
These decay constants are used for a verity of purposes, such as testing unitarity in the 2nd row of the CKM
matrix, predicting the rare decay branching fractions B0(s) → µµ and determining |Vub| from the branching
fraction of the decay, B+ → µ+νµ.
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6scribed in Ref. [31], taking into account the uncertainty
arising from the finite number of events in the tem-
plate MC histograms. The fit region covers muon mo-
menta from 2.2 to 4GeV/c with 50MeV/c bins and the
full range of the onn variable from  1 to 1 with 0.04
bins. The region at high muon momentum p⇤µ and high
onn is sparsely populated; to avoid bins with zero or a
few events, which are undesirable for the fit method em-
ployed, we increased the bin size in this region. The fine
binning in the signal region is preserved. After the re-
binning, the p⇤µ-onn histogram is reduced from 1800 to
1226 bins. The fit method tends to scale low-populated
templates to improve the fit to data; because of this,
background components with the predicted fraction of
under 1% of the total number of events are fixed in the
fit to the MC prediction. The fitted-yield components
are the signal, B¯ ! ⇡` ⌫¯`, B¯ ! ⇢` ⌫¯`, the rest of
the charmless semileptonic decays, BB¯, cc¯, uds, ⌧+⌧ ,
and e+e µ+µ . The fixed-yield components are µ+µ ,
e+e e+e , e+e uu¯, e+e ss¯, and e+e cc¯.
To obtain the signal branching fraction, we fit the ratio
R = NB!µ⌫¯µ/NB!⇡µ⌫¯µ . This ratio also helps to reliably
estimate the fit uncertainty. The result of the fit is R =
(1.66± 0.57)⇥ 10 2, which is equivalent to a signal yield
of NB!µ⌫¯µ = 195 ± 67 and the branching fraction ratio
of B(B  ! µ ⌫¯µ)/B(B¯ ! ⇡` ⌫¯`) = (4.45 ± 1.53stat) ⇥
10 3. This result can be compared to the MC predic-
tion of this ratio RMC = 114.6/11746 = 0.976 ⇥ 10 2,
obtained assuming B(B ! µ⌫¯µ) = 3.80 ⇥ 10 7 and
B(B¯ ! ⇡` ⌫¯`) = 1.45 ⇥ 10 4 (the PDG average [3]).
The fitted value of R results in the branching fraction
B(B ! µ⌫¯µ) = (6.46 ± 2.22) ⇥ 10 7, where the quoted
uncertainty is statistical only. The statistical significance
of the signal is 3.4 , determined from the likelihood ra-
tio of the fits with a free signal component and with the
signal component fixed to zero. The fit result of the
reference process B¯ ! ⇡` ⌫¯` agrees with the MC pre-
diction to better than 10%. The projections of the fit-
ted distribution in the signal-enhanced regions are shown
in Fig. 2. The fit qualities of the displayed projections
are  2/ndf = 27.6/16 (top panel) and  2/ndf = 29.1/25
(bottom panel), taking into account only data uncertain-
ties.
The double ratioR/RMC benefits from substantial can-
cellation of the systematic uncertainties from muon iden-
tification, lepton and neutral-kaon vetos and the compan-
ion B-meson decay mis-modelling, as well as partially
cancelling trigger uncertainties and possible di↵erences
in the distribution of the onn variable.
In the signal region, the main background contribution
comes from charmless semileptonic decays; in particu-
lar, the main components B¯ ! ⇡` ⌫¯` and B¯ ! ⇢` ⌫¯`,
which peak at high onn values, are carefully studied.
With soft and undetected hadronic recoil, these decays
are kinematically indistinguishable from the signal in an
untagged analysis. For the B¯ ! ⇡` ⌫¯` component,
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FIG. 2: Projections of the fitted distribution to data onto
the histogram axes in the signal-enhanced regions 0.84 < onn
(top plot) and 2.6GeV/c < p⇤µ < 2.85GeV/c (bottom plot).
we vary the form-factor shape within uncertainties ob-
tained with the new lattice QCD result [5] and the pro-
cedure described in Ref. [4], which was used to estimate
the value of |Vub|. Since the form-factor is tightly con-
strained, the contribution to the systematic uncertainty
from the B¯ ! ⇡` ⌫¯` background is estimated to be only
0.9%. For the B¯ ! ⇢` ⌫¯` component, the form-factors
at high q2 or high muon momentum have much larger
uncertainties and several available calculations are em-
ployed [24, 25, 32], resulting in a systematic uncertainty
of 12%.
The rare hadronic decay B  ! K0L⇡ , where K0L is
not detected and the high momentum ⇡ is misidentified
as a muon, is also indistinguishable from the signal decay
and has a similar onn shape. This contribution is fixed
in the fit and the signal yield di↵erence, with and with-
out the B  ! K0L⇡  component, of 5.5% is taken as a
systematic uncertainty since GEANT3 poorly models K0L
interactions with materials.
The not-yet-discovered process B  ! µ ⌫¯µ  with a
soft photon can mimic the signal decay. To estimate
the uncertainty from this hypothetical background, we
perform the fit with this contribution fixed to half of
the best upper limit B(B  ! µ ⌫¯µ ) < 3.4 ⇥ 10 6 at
90% C.L. by Belle [33] and take the di↵erence of 6% as
the systematic uncertainty.
Previous studies [13, 14] did not characterize these
backgrounds in a detailed manner, which could have led
to a substantial underestimation of the systematic uncer-
tainties.
Figure 4: Projection of the fit to the muon momentum, p∗µ, for the search of B → µνµ decays.
4.2 B+ → µ+νµ
The decay B+ → µ+νµ is an extremely clean way of measuring the CKM element magnitude |Vub|. The decay
poses considerable experimental challenges due to helicity suppression of the decay amplitude and single track
signature.
The more sensitive search for such a decay is from the Belle collaboration [43], which uses untagged events.
The main challenge is to distinguish the signal signature of a high-energy isolated muon, with background. The
most dangerous background is B → Xuµνµ decays, where the Xu is not reconstructed.
A fit is performed to the energy of the muon, p∗µ and a neural network output which many kinematic variables
designed to distinguish the signal and background. The projection of the fit onto p∗µ is shown in Fig. 4. A signal
significance of 2.4 σ is found, and a 90% confidence interval of [2.9, 10.7]× 10−7 is calculated. This is consistent
with the SM prediction of (3.80 ± 0.31) × 10−7 but leaves lots of room for contributions from new physics
particles which are not helicity suppressed. Further data from Belle-II is highly anticipated to improve this
measurement.
4.3 The decay B+ → `+ν`γ
The strong helicity suppression of B+ → µ+νµ, can be lifted with the radiation of a photon. This is more
theoretically complicated as calculations of hadronic form factors for the transition to the photon. These form
factors depend on the B-meson light-cone distribution amplitude, which is a crucial input for QCD-factorisation.
The Belle collaboration has recently searched for the decay B+ → `+ν`γ with Eγ > 1 GeV. The analysis
uses a novel technique for the tagging of the other B meson in the event [31]. The algorithm uses Boosted
Decision Tree algorithms to reconstruct over 2000 decay modes. The performance with this algorithm improved
by around 40% compared to the previous tagging method.
The signal yield is determined from a fit to the distribution of the missing mass, as shown in Fig. 5. The
missing mass is reconstructed by comparing the kinematics of the signal B decay, as determined from the tagging
method, with that of the signal lepton and photon. As with the B+ → µ+νµ analysis, a small signal excess
of 1.4σ is observed. This results in a limit being se of ∆B(B+ → `+ν`γ) < 3.0 × 10−6 at 90% CL. This is a
significantly more stringent limit than those obtained from previous measurements and demonstrates the great
improvement obtained from the tagging techniques to be used in the Belle-II experiment.
4.4 The decay B+ → µ+νµµ+µ−
The decays B+ → µ+νµ and B+ → `+ν`γ are prohibitively difficult to reconstruct at a hadron collider due to
the lack of a secondary vertex. Therefore, in order to access the same physics more complicated decays must
be pursued. The decay B+ → µ+νµµ+µ−, whe e two muons originate from either a virtual photon or a hadron
such as the ρ or ω mesons. The resulting experimental signature is much more appealing, with a well defined
secondary vertex and three leptons in the final state.
The largest background, which originates from combinations of particles originating from different B decays
is suppressed by a requirement that the invariant mass of the two opposite sign muon combinations is below
1 GeV. Another challenge for the measurement is to deal with the large amount of mis-identified background.
This is controlled using a data sample in which the muon identification require ents have been reversed. The
important feature of the analysis is to control the muon mis-identification rate in the presence of two other real
muons. This is estimated by using a dedicated control sample of B0 → J/ψK∗0 decays.
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FIG. 2: The post-fit M
2
miss distributions for the simultaneous fit to the four categories are shown (cf. Section III). The
individual fit components are shown as colored histograms, and the filled gray histogram shows their sum.
the numbers of entries are varied using a Poisson distri-
bution. The templates of the ensemble are used to repeat
the fit to estimate the total uncertainty. The largest addi-
tive systematic uncertainty for the B+ ! ⇡0 `+⌫` branch-
ing fraction is given by the uncertainty on the BCL form
factors and is evaluated by variations using the covari-
ance matrix from the global fit of Ref. [22].
The remaining additive uncertainties on both chan-
nels are evaluated as follows: The fraction of the in-
dividual channels in which the B tag is reconstructed
di↵ers between MC and data. To estimate the im-
pact of this mismatch, the MC samples are corrected
to the fraction in data of the reconstructed tag chan-
nels and the di↵erence is taken as an estimation for
the systematic uncertainty. In the fit, the individ-
ual branching fractions of charmless semileptonic back-
ground decay modes are kept fixed and modeled as
a single floating background template. To estimate
uncertainties due to slight shape di↵erences in M2miss
from these templates, we vary the decay branching frac-
tions of B+ ! ! `+ ⌫`, B+ ! ⇢0 `+ ⌫`, B0 ! ⇢  `+ ⌫`,
B+ ! ⌘ `+ ⌫`, B+ ! ⌘0 `+ ⌫`, and B0 ! ⇡  `+ ⌫` indi-
vidually within their uncertainties [26]. The uncertainty
on the B+ ! `+⌫`  signal model is estimated by correct-
ing the simulated events from the prediction of Ref. [20]
to the state-of-the-art prediction of Ref. [5] and repeating
the fit.
VI. RESULTS
Figure 2 shows the M2miss distribution of the selected
data events in the four categories of B+ ! e+⌫e , B+ !
µ+⌫µ , B
+ ! ⇡0 e+⌫e , and B+ ! ⇡0µ+⌫µ. The selected
events are used to maximize the likelihood function Eq. 7
numerically, determining the four (B+ ! `+⌫` ) and
Figure 5: Projection of the fit to the missing mass, Mmiss, for the determination of the B → `ν`γ signal yield.
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(bl e) misidentified candidates and (orange) partially reconstructed candidates. The signal
component is not visible as the fitted signal yield is negative. The best fit is the solid red line
while the dashed line shows how the total would have looked like if the l had the branching
fraction predicted in Ref. [11].
fit component being slightly b l w he sum of the background contributions. As there is
no significant signal component, a limit on the branching fraction,
B(B+! µ+µ µ+⌫µ) < 1.6⇥ 10 8
at 95% confidence level is set using the CLs method [34]. From pseudoexperiments, the
expected upper limit is found to be 2.8⇥10 8 and the present result represents a downward
fluctuation of 1.4 . Systematic uncertainties are included in this limit and are discussed
in the following section.
7 Systematic uncertainties
A summary of the systematic uncertainties is given in Table 1, yielding a total relative
uncertainty of 16% on the normalisation of the branching fraction of the signal.
The largest systematic uncertainty arises due to the choice of the shape for the
combinatorial background. If the combinatorial background is allowed to have two
components with di↵erent exponential slope, the upper limit on the branching fraction
changes by 14.2%. While the fit does not improve from adding in an extra component, its
existence cannot be excluded from the fit to the data.
In simulation, the nominal signal model, as described in Sec. 2, creates a photon
pole, increasing the branching fraction in the low dimuon mass region. The associated
8
Figure 6: Projection of the fit to the missing mass, Mmiss, for the determination of the B → `ν`γ signal yield.
The signal yield is determined by fitting the so-called corrected mass, which is reconstructed by adding the
momentum component p rpendicular to the B flight direction to the visible mass. The fit to the corrected mass
distribution is shown in Fig. 6, where a small negative signal yield is observed. This translates into an upper
limit of 1.6× 10−8 at 95% CL. This limit is in tensio with a recent theoretical prediction [44], which predicts a
branching fraction around 1.3× 10−7. The large dataset expected at the LHCb upgrade and further theoretical
work will be needed to clarify this tension.
5 Summary of the summary
The study of semilept ic B decays remains a very active field, and has particularly strong interaction
between the theoretical nd xperimental sides. This was refl cte by the multitude f experimental and
theoretical results presented at CKM 2018. It is clear that many new results are hotly anticipated from both
the experimental and theoretical communities. These will no doubt make the next edition of the CKM conference
in Melbourne as much of a success as the 2018 edition.
Finally, we would like to express our gratitude towards the excellent speakers of the WG II sessions, as well
the flawless organisation of a highly enjoyable conference.
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